Abstract -In this study, we propose an optimized NRUS measuring and data processing protocol dedicated to small bone samples specially designed to be used in a four-point bending mechanical fatigue test. Our goal was to assess the elastic and dissipative hysteretic nonlinear parameters repeatability with the proposed protocol using several classes of materials with weak, intermediate and high nonlinear properties. In the proposed data processing, the frequency shift Δf as a function of excitation drive amplitude is measured relatively to a reference resonance peak curve f 0 (obtained at the lowest excitation level) which is repeated before each excitation drive level. Our results show that the proposed correction may be an alternative to a stringent control of temperature (which could not be achieved in this study) by increasing significantly NRUS sensitivity. With our correction procedure, we measured relative resonant frequency shifts of 10 -5 , which are below 10 -4 , often considered as the limit to NRUS sensitivity under common experimental conditions. In our experiments, we identified external temperature fluctuation as one of the major source of resonance frequency variation. A variation of 0.1°C caused a frequency variation of 0.01%, which is similar to the expected nonlinear frequency shift for weakly nonlinear materials. In the absence of correction, the data could not be interpreted to support the existence of hysteretic nonlinear behavior in bone.
INTRODUCTION
Bone microdamage accumulation is suspected to have important consequences on bone mechanical properties such as decrease of bone toughness and stiffness, hence contributing to increase skeletal fragility and risk of fracture. Previous in vitro measurements showed that nonlinear resonant ultrasound spectroscopy (NRUS) is sensitive to bone micro-damage accumulation induced by mechanical fatigue [1] . Before applying such measurements in vivo, the relationships between nonlinear elastic behavior and microdamage characteristics (number, density, length, orientation or location of microcracks) must be clarified. Assessing these relationships requires a stringent measuring protocol, in particular to minimize the impact of several sources of error. Measurement errors, such as e.g., temperature, humidity, bonding quality, may affect the measured nonlinear response and may hinder recovery of the desired intrinsic nonlinear properties of the material. In this study, we propose an optimized NRUS measuring and data processing protocol dedicated to small bone samples specially designed to be used in a four-point bending mechanical fatigue test. Our goal was to assess the elastic and dissipative hysteretic nonlinear parameters repeatability with the proposed protocol using, in addition to cortical bone specimens, several classes of materials with weak, intermediate and high nonlinear properties.
II. BACKGROUND Hysteretic elastic behavior is usually interpreted at the mesoscopic scale as a consequence of the presence of inherent damage (debonding, micro-cracks) internal friction (dislocations, grain boundary, recovery bonds) and by structural properties (porosity, crystal orientation and localization). It is commonly admitted that the hysteretic regime is visible for strains above 10 -7 -10 -6 [2, 3] . In a typical NRUS experiment, the sample is probed using a swept frequency wave at an eigen mode of the material, applying progressively increasing drive level [3] . Hysteretic (nonclassical) nonlinearity manifests as a resonance frequency shift for increasing voltage drive level which is proportional to the peak strain amplitude. Attenuation is strain amplitude dependent as well. One of the most widely used models is a phenomenological description based on the Preisach-Mayergoyz space (P-M space) [4] . The modulus K can be derived from this model by combining the classical nonlinear parameters β and δ from Landau theory with the hysteretic nonlinear parameter α. The following equation represents the nonlinear stress-strain relationship:
where K 0 , σ, ε, ε& and Δε are the linear modulus, the stress, the strain, the time derivative of strain and the maximum strain excursion over a wave cycle, respectively.
When hysteretic nonlinearities exceed classical nonlinearities, which is a commonly accepted assumption for strains above approximately 10 -6 [3] , numerous observations show that the change in attenuation and resonance frequency scales linearly with peak strain amplitude. Two nonlinear parameters α f and α Q describing the frequency shift Δf and the change of energy loss as a function of strain, respectively, obey the following equations which can be derived from Eq. (1):
where f and Q are the resonance frequency and Q-factor at increased strain level, f 0 and Q 0 their corresponding value at the lowest drive amplitude (often presumed to be elastically linear if the initial drive amplitude is low enough). Both α f and α Q are related to the general nonlinear parameter α of equation 1.
III. MATERIAL AND METHODS

A. Samples
Specimens from different classes of materials were tested (i) polymers (PMMA and PVC) known to be linear, (ii) geomaterials (chalk and travertine rock) exhibiting highly nonlinear hysteretic elasticity, polycrystalline metals (stainless steel 304, brass, aluminum AU4G) generally considered to be linear or weakly nonlinear and (iii) dry bovine cortical bone. Linear polymers materials were tested to be certain that the system electrical and contact nonlinearities had no influence. For each material, 3 samples (except for PVC, chalk and travertine, only 2 samples) were tested for repeatability three times with intermediate repositioning. They all have the same parallelepiped shape and size (2mm*4mm*50mm), except for chalk (6mm*6mm*65mm) and travertine rock (4mm*8mm*50mm). These geometrical features have been chosen as being optimal for the four-point bending mechanical fatigue tests that will be conducted in our future studies.
B. Nonlinear Resonant Ultrasound Spectroscopy (NRUS)
Each sample was probed by a swept-sine around the first three modes of the material (assumed to be pure compression modes under symmetric loading conditions). The frequency excursion around the resonance frequency is f 0 ±5%. The source consisted of a piezoceramic emitter bonded to the sample with cyanoacrylate. The sample was placed on a foam block to avoid contact nonlinearity. The input signal was a linear chirp centered on f 0 , the lowest drive amplitude resonance frequency. The frequency sweep duration (t>>Q/(πf 0 ), ranging from 100ms to 1s) has been heuristically chosen as a compromise to prevent a raise in temperature of the sample while reaching a steady-state at each frequency during the sweep. The voltage amplitude of the input signal was carefully adapted to each sample (i) to induce minimum strain peak amplitude higher than 10 -6 consistent with a hysteretic regime and (ii) a maximum strain level lower than 10 -4 to prevent sample damage and piezo-ceramics debonding. A reference resonance curve was first obtained at the lowest strain level. The resonance frequency f 0 (energy loss Q 0 -1 ) was determined and used as a reference frequency (reference energy loss) for the following procedure. The peak resonance frequency f and energy loss Q -1 were then measured as a function of strain applying increasing voltage drive level. A delay of 3s between each drive level test was used to avoid memory and conditioning effects (slow dynamics) and to allow the samples to recover to their initial state. The nonlinear parameters α f and α Q were extracted from a linear fit to the experimental data according to Eqs.2 and 3. In this procedure, the sample is assumed to remain in the same state for all the excitation drive levels as it was at the lowest drive level (i.e., no temperature change, no damage nor slow dynamics conditioning occurring over the course of a single experiment) [5] . The dynamic strain ε amplitude was calculated from the longitudinal particle displacement u measured by a laser vibrometer LSV 1MHz (SIOS, Germany), the phase velocity c (determined by ultrasonic phase shift) and the frequency f 0 :
During the experiments, room temperature was controlled (25°C ±2°C). The sample was placed into a polystyrene box to minimize local temperature variations due to electronic and air conditioning fan. The sample temperature was monitored by noncontact infrared thermometer with a resolution of 0.02°C.
C. Data processing
Since both the resonance frequency and attenuation are known to vary with temperature, samples require substantial care in terms of controlling the temperature and characterizing intrinsic nonlinear behavior. The method to avoid such error sources is to drastically control environmental conditions such as temperature (and also humidity), which can be achieved ideally by enclosing the sample into a climate chamber. For example, Pasqualini et al. describe stringent experimental conditions to achieve long-term frequency stability of ±0.1Hz with a long term thermal stability of 10 mK [5] . Such conditions could not be reached with our experimental facilities. Despite careful experimental conditions, our observations revealed that temperature fluctuations could be of the order of ±0.5°C over the course of a single experiment (Fig. 1a) . Hence, the determination of frequency and damping shifts as a function of strain is complicated by the fact that external conditions (e.g., temperature) lead to shifts in frequency and damping (e.g., via heating) which can be as large as that caused by intrinsic material nonlinearity (Fig 2) . To overcome this effect, we adopted an approach inspired from Pasqualini et al. experiments [5] . The initial reference resonance curve was obtained at the lowest strain level. The excitation level was increased and a new resonance curve was obtained. Then the excitation level was dropped back to lowest strain level to repeat the resonance reference curve. The same procedure was repeated for increasing excitation drive levels, leading to n reference resonance frequencies f 0,n where n designates the n th excitation drive level. If the sample remains in the same state over the course of the experiment (e.g., no change of temperature), the repeated resonance curve at the lowest strain level should match the initial reference curve. If temperature changes, the repeated frequency curve peak resonance f 0,n will change. An example is shown for a bone sample in Figure 1 where temperature changes of -0.7°C and +0.2°C are observed during two repeated NRUS measurements. Variations in reference resonance frequency f 0,n mirror those of temperature, suggesting that temperature indeed is the main source of these variations. Temperature will also affect the peak resonance frequency at higher excitation drive level (Fig. 2a) . Therefore, applying Eqs.2 and 3 with the initial reference resonance peak frequency f 0 to derive α f and α Q , will lead to erroneous values. A correction can be applied by using f 0,n instead of f 0 in Eqs.2 and 3. Using this correction, at each excitation level, the shift in f and Q -1 is now relative to f 0,n and Q 0 -1 . An example is illustrated in Figure 2 for the bone specimen (same as in Fig. 1 ). While the uncorrected frequency shift (Fig.2a) displays variations with strain mirroring temperature changes, we found a repeatable linear relationship between corrected frequency shift and strain, as the P-M space theory predicts. This suggests the efficiency of the procedure to correct undesirable material state variations and to capture intrinsic non classical nonlinear properties. Temperature was found to be less influential on energy loss (data not shown). The correction has been applied to all the specimens. In the following, we detail results obtained for all the materials. The repeatability is assessed via the coefficient of variation CV%= SD/μ, where SD and μ are the standard deviation and mean value obtained for three repeated measurements with intermediate repositioning.
IV. RESULTS Figure 3 shows the corrected frequency and damping shifts for all material tested (1 st compression mode). The absence of variation for polymers (PMMA and PVC) even for high strain levels up to 5.10 -5 confirms that our experimental setup is linear. For all other materials (chalk, bone, stainless steel, aluminum and brass), a linear dependence with strain was found as expected from non classical nonlinearity. Table I shows the coefficients of variation of uncorrected and corrected α f and α Q . The correction yielded significantly reduced CVs, especially in the case of bone, aluminum and brass, three materials with the weakest nonlinear properties. For these materials, and particularly for bone (uncorrected data, CV of 201.9%; corrected data, CV of 16.2%), the variation in uncorrected resonance frequency would mostly reflect the influence of temperature. Without correction, intrinsic weak nonlinear behavior could not be evidenced. In contrast, moderate or no change in CV was obtained after correction for the three materials with the highest nonlinear properties (stainless steel, pastel chalk and travertine). Please note that the reduction in CVs was more pronounced for α f than for α Q as resonance frequency is more influenced by environmental factors than damping. Altogether, our results strongly suggest that the proposed correction procedure is useful to enhance sensitivity of NRUS, especially for weakly nonlinear materials and may be useful to the retrieve weak nonlinear properties.
Values of hysteretic parameters (α f and α Q ) for the first three compression modes are summarized in Table 2 and 3 . Nonlinear properties are weak for bone, aluminum and brass (α f = -5.0.2 to -29.9 and α Q = 2.1 to 22.6). These properties were found one order of magnitude higher for stainless steel 304 (α f >113 and α Q >90.6) and chalk (α f = -39.3 to -256.1 and α Q = 13.5 to 80.4). Travertine rock is the most nonlinear material (α f = -1238 to -1401 and α Q = 192 to 228). With α f ranging from -5.0 to -6.9 and α Q ranging from -2.1 to -3.6, dry cortical bovine bone has the weakest nonlinear properties. The values are consistent for the three measured modes, except for pastel chalk (mode 1 deviates from modes 2 and 3). Our values for stainless steel and for geomaterials are consistent with values reported previously in literature [3] . As far as we know, hysteretic elastic behavior for aluminum and brass has never been observed before. However, the results may be affected by damage created when cutting the samples. While the effects would be expected to be less in polymers and low-Q materials, they could be significant in the metals. In this study, we proposed a new data processing to analyze NRUS data obtained on small specimens, in which the frequency shift Δf is measured relatively to a reference resonance peak curve f 0,n (obtained at the lowest excitation level) which is repeated before each excitation drive level. Our results show that the proposed correction may be an alternative to stringent temperature control (which could not be achieved in this study) by increasing significantly NRUS repeatability and sensitivity. With our correction procedure, we measured relative resonant frequency shifts of 10 , often considered as the limit to NRUS sensitivity under common experimental conditions. Enhanced sensitivity would permit measurement of weak nonlinear elasticity in materials such as bone, and monitoring subtle changes in nonlinear properties induced by damage accumulation (e.g., over the course of a progressive damage test). In our experiments, we identified external temperature fluctuations as one of the major source of resonance frequency variation. A variation of 0.1°C at the bone sample surface caused a frequency variation of 0.01% (Fig. 1) , which is similar to the expected nonlinear frequency shift for weakly nonlinear materials. In the absence of correction, the data could not be interpreted to support the existence of hysteretic nonlinear behavior in bone (Fig.2) . Besides temperature, other factors may affect the elastic response of a material (and its resonance) and compete with material intrinsic nonlinearity. These include environmental factors (e.g., humidity, pressure) and conditioning and long-time relaxation effects [2] . The advantage of our correction procedure is (i) that it allows for differences in the starting values of f 0 whatever the origin of these differences and (ii) that it automatically corrects for these differences.
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